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1. INTRODUCTION

In our initial study of rare gases (Rg), we examined the possibility of storing energy for extended

periods in the a3' excited electronic state of the helium dimer (Chabalowski ct al. 1988). Our

calculations provided the first reliable estimate of the lifetime of this state, which was found to he 18 s

for the isolated dimer. We are continuing to explore the possibilities of using the Rg as a medium for

high-energy density storage.

Apkarian and coworkers (Fajardo and Apkarian 1986, 1988a, 1988b) have chosen solids composed

of Rg atoms as a starting point for studying energy storage via photo-induced, charge transfer (CT)

reactions. This choice was based, in part, upon the Rg atoms providing d.. tie necessary conceptual

simplicity to afford a dewiled and rigorous description of the funda, icnlals of these processes." Part of

this "simplicity" is due to the absence of complex ground state interactions. Apkarian et al. have studied

spectra of these C.7 transitions in liquid xenon (Wiedeman, Fajardo, and Apkanan 1987; Okada,

Wiedeman, and Apkarian 1989; Fajaildo ct al. 1988) and in doped Rg solids (Fajardo and Apkarian 1986,

1988a, 1988b, 1987; Kunttu et al. 1990; Okada, Wiedeman, arid Apkarian 1989) (lbr various Rg systems)

demonstrating that spatially separated, long-lived, dipolaron states are produced in the Xc/Cl system via

the reaction (Fajardo and Apkarian 1988b):

Xe iCI4- + 2hv -4 Xe +(llCI)-.

In addition, they have demonstrated the lasing capabilities of XeF in crystalline argon, creating a laser

tunable over an 8M-nm range in the visible region (Katz, Feld, and Apkarian 1989). Other combination

of Rg halides arr expected to be likely candidates as tunable lasers in the visible, ultraviolet (UV), and

vacuum IV spectral regions (Schwentner and Apkarian 1989). Classical molecular dynamics studies by

Gerber and coworkers (Gerbecr, Alimi, and Apkarian 1989; Alinii, Blrkman, and Gerber 1989; Alimi,

Gei•be and Apkarian 1989) have shed some light on possible inechanislns for dissociating F2 (Alimi,

GerCbr, and Apkarian 1990), C12 (Gerber, Alimi, and Apkarian 1989; Alimi, Brokman, and Gerber 1989),

and lI (Alimi, Gerber, and Apkarian 1989) in Rg solids. They found large qualitative diffelrences in the

dissociation mechanisms as well as the dynamical pathways followed by the dissociated atoms among

these three molecules.



Last and George (LG) (Last and George 1987a, 1987b, 1988; Las, Kim, and George 1987; Last

et al. 1987) have performed semi-empirical (i.e., DIM and DIIS) quantum chemical calculations on various

(Xe, Cl) and (Xe, HCI) systems, predicting potential energy surfaces, pernanent dipole moments,

eOectronic transitioa energies, and electric transition dipole moments. From these calculations, they made

assignments to the observed absorption and emission spectra, provided structural data for the complexes

in the gas and solid states, and rationalized the observed bandwidths. Their findings are generally in good

qualitative agreement with experiment. As LG have pointed out, there have been very few ab initio

calculations on related systems.

With respect to energy storage, the physical model for the long-lived, separated charges is a halide

negative ion sepaiated from the trapped, positively charged hole state which appears to be quasi-localized

on Rg molecules of weakly bound Rg atoms. There is evidence suggesting that the positively charged

Rgn(+) chains are linear and prefer n=3 in the solids (Fajardo and Apkarian 1988b), with the Rg-Rg

* interatomic distance being shorter than what is seen in the neutral Rg matrix. These separated dipolaron

states can exist so long as the negatively charged halide, X(-), remains scparatcd from the Rgnl(+) hole.

But when the (+) holes migrate to the X(-), they rapidly form the exciplex Xe2.(+)X(-), releasing the

exciton energy as fluorescence. The gas phase equilibrium geometry for the Xe 2C1 exciplex in the 421-

state is predicted to have a Xe-Xe separation of 3.17 A (5.99 bohr) (Stevens and Krauss 1982) and a

CI-Xe separation of 6.41 bx)hr (Fajardo and Apkarian 1986).

The cationic self-trapped holes (STHs) can migrate to the X(-) by one of the following two methods:.

(1) either by tunneling, or (2) by "hopping" (Fajardo and Apkarian 1988b) (due to a thernal perturbation)

which stretches the Xe-Xen(+) bond lengths to thie vutral geometry, apparenty increasing the energy of

the Rgn1(+) to that of an excited hole state and conducting the hole to the X(-). At a constant temperature

of 12 K, the separated dipolarons for C( in Xe have been shown to exist for longer than 30 hr, with the

rate-determining step to recombination being the ability of the trapped hole to tunnel (Fajardo and

Apkarian 1988b).

Schwentner, Fajardo, and Apkarian (1989) presented the CT process as tlie excitation of a positive

"hole" (analogous to an clectron in an atom) into a Rydberg orbit with the halide a'-)in acting as a

negatively charged "nucleus" of infinite mass. Based on this model, they calculate the Rydberg term

values B. and the state radii rn for these Rydbcrg states. The progression of predicted B. energies fit quite

nicely to the experimentally derived values obtained from excitation spc-tra. To date, Xe has been the

2
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only Rg+halide. matrix to show such a Rydberg (holc) progression spectra (Schwentner, Fajardo, and

Apkarian 1989). This delocalized Rydberg "hole" description has been shown to be applicable for Xe ad

perhaps Kr but not the lighter Rg atoms (Schwentner, Fajardo, and Apkarian 1989). In addition, no

evidence has been ;e-n experimentally to support a delocalized hole state for F in Rg solids. Xe appears

to play a special role among the Rg in its ability to siabilize the charge separation. This dependence of

the charge transfer process and stabilization on the halogen and type of Rg matrix warrants further

theoretical study.

To obtain an understanding of the microscopic processes involved in formation c. the exciplex, as well

as the factors determining the lifetime of the separated dipolarons, one needs detailed information aboat

the electronic structure and molecular interactions. This report describes an ab initio study of the

Rg/halide interactions of HCI with Xe atoms. Extending our previous work on HCI (Adams and

Chabalowski, to be published), quantum chemical calculations are performed on the ground and low 1) .ng

excited states of XeCl and HC1Xe, using effective core potentials (ECPs) to represent the inner shall

electrons, state-averaged complete active space MCSCF (SA-OASSCF), and conliguration interaction (CI)

calculations. The purpose for the XeCl calculations was to ascertain how well the ECPs reproduce known

experimental molecular properties as well as properties calculated by earlier ab initio studies. In the

HClXe system, we are most interested in determining the qualitative nature of the excited electronic states

and if a C7 state exists even in these small model systems. The pemianent electric dipole moments and

transition dipole moments will also be predicted as a function of HClXc separation. The transition

moments offer a semi-quantitative measure for the likelihood of populating each electronic state.

2. DETAILS OF CALCULATIONS

All calculations were carried out in the C2v point group. The atomic basis sets used are a combination

uf Gaussian-type orbitals and the ECPs of Wadt and Hay (1985). The ability of our codes to handle ECPs

allows for the treatment of systems including such heavy atoms as Xe. The Guassian basis consists of
an uncontracted set of four s-type primitives (Van Duijneveldt 1971) and one p-type polarization function

((p=0.75) on hydrogen, giving [4s,lp]. The chlorine basis contains three noncontracted s- and p-type

valence atomic obitals (AOs) with exponents optimized for their use with the ECPs (Wadt and Hay 1985).

This is augmented by a negative ion function (up=0.049) (Dunning and flay 1977) and a polarization

function (ad=0.50) (Dunning and Hay 1977), as well as a set of noncontracted Ryriberg functions

((;,=0.025, c =0.020, o,=0.015) (Dunning and Hay 1977), for a total basis set of [4s,5p,2d]. Likewise,
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.he Xe basis associated with the ECPs (Wadt and Hay 1985) consists (,I three s- and p-type primitives

which remained uncontracted and were augmented by a single polarization function (od=0.2 5) (Hay and

Dunning 1978), giving [3s,3p,ld].

The mole',,lar orbitals (MOs) used as expansion vectors in the CI calculations are obtained from the

SA-CASSCF calculations using the general second-order density matrix driven MCSCF algorithm of

Lcngsficld (1982). These MOs should be suitable for describing both the ground and excited states. The

CI wavefunctions are generated from the symbolic matrix element, direct-Cl method called ALCHEMY

(Liu and Yoshimine 1981) by doing all single ar ,ouble electronic excitations from a set of reference

configuration state functions (CSFs). The details of the SA-CASSCF and CI approaches will be given

in the appropriate sections.

Potential energy curves (PECs) and electronic transition dipole moments are then calculated as a

function of atomic positions. The vibrational wavefunctions corresponding to ttI. PECs for the diatomic

systems were determined by solving the radial Schroedinger equation for nuclear motion (ignoring

rotational motion). Transition probabilities and radiative lifetimes are predicted based upon the previously

mentioned treatment. One potential weakness in these calculations is the neglect of spin-orbit (SO)

interactions. But earlier theoretical work done by Hay and Dunning (1978) on XeCI showed that much

useful qualitative and semi-quantitative information can be obtained without inclusion of SO effects.

3. Xe-CI INTERACTIONS

3.1 Details of Configuration Interaction Calculations. We have calculated the PECs for the 1,22Eý

2and the 1,2H Istates. In the C 2, point group these states transform as 1+(A 1), Fll(B 1), and Iy (B2), so the

state symmetries included in the SA-CASSCF are 1,2A,, 1,2B1 , and 1,2B 2, with the weighing st heme

w=(, 1,1,I,1,1). Due to the molecular symmetry, no loss of generality occurs by considering only the x-

component of the 1I states in the Cis, with an appropriate factor of 2 applied when necessary. All the

valence electrons remained active in the CI, and the entire set of virtual orbitals was retained. The MO

fillings in the two reference CSFs for the 2Y-+(A,) states are (loc2,2o,3'2,4t1,17 2,1y, n 22 ., 2 2. and

" 2 2 2 2 222 22 1 2
lo",2o'2,3(Y1,4o'2,Itx , 2ny,27t X,2ny), and for the 2x(Bt) states are ( ha2,3, 4Y2,17u 1 Iiy,2tx,2n Y)

and (I crz,202,332,4C;2I1[1,• 7 2,,2nt , 21c .. All single and double excitations were done from these filled

orbitals into the virtual space,

4
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The final (1 wavefunclions are then uwed to study the strong transitiin, 2I1-421-1 and

as well as the weak 22Hi--- 0 2V and _2214 _4121 transitions, reporting lifetimes for emissions from the v'=On

levels. This is believed to be the first report of theoretical predictions for the lifetimnes of the weak

transitions. Empirical ;pin-orbit (SO) effects are then included to obtain SO-contre.ied PECs and electric

dipole trans~ition moments for three transitions.

3.2 kesults.

3.2.1 Neglecting Spin-Orbit. The X -l system has already been studied both theoretically (Hay and

Dunning 1978; Huber and Herzberg 1979) and experimentally (Inoue, Ku, and Se.tser 1984; Grieneissen,

Xue-Ting, and Komps 1981, Vclazco and Setser 1975; Brau and Ewing 1975). The current PECs without

SO effects can be seen in Figure 1, and molecular constants are reported in Table 1 along with values

from theoretical work by Hay and Dunning (1978) (HD) and available experimental values. As can be

seen in Table 1, our equilibrium bond lengths and wo,'s are in reasonably good agreement with HO's

values. Figure 2 gives the electric dipole transition moments, P.' for the strong transitions as a function

of R(Xe-CI). Near the Re(6.4 bohr) for the 2 2,+ excited state, the oe, for the F- transition is

approximately 4.5 times greater than the H-F! moment. The transition moments and I ECs from this work

are nearly identical to those calculated by HD when SO is ignored.

Table 1 also .ncludes the results of our vibrational analysis for the radiative lifetimes. Again, our

predicted lifetimes for the strong transitions, t(22Y-412Y,+)=6.0 ns and r(2 2H--_1 2H)=74.0 ns, are very

similar to liDs without SO effects (i.e., 5.6 ns and 64.0 ns, respectively). In HD's study, the SO

corrections had a significant affect on these lifetimes, nearly doubling the aforementioned values.

3.2.2 Including Spin-Orbit. It should be kept in mind that with the inclusion of SO effects, the term

symbols 2E+ and 2l will only be approximations to the correct state descriptions due to mixing of

different A components of QI through the spin-orbit operator. We have included SO couplings in the same

way as H-iD, using the empirically obtained atomic CI and Xe+ SO coupling parameters. The inclusion

of SO effects mixes the 22FI-2 2y+ and 12-_-2y+ states. The resulting wavefunctions for the states, in

YID's nomenclature, are as follows:

with 0=11/2,
I1/2 (,2y.+) = ACov' 0 (12E1cc) ± BC(A qlo (1 2 1i) = X, (1)

5
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Table 1. Molecular Constants and Radiative Lifetimes for XeCI Ignoring SO Effects

Re(A) (Oe(mv-)

State HERE HDa HERE HID

3.20 3.25 198.0 190.0

22n" 3.08 3.14 196.0 188.0

Radiative Lifetimes (ns)

TRANSITION HERE HD EXPERIMEN r

22V+- 121+ 6.0 5.6 11.1b,17.Oc

221V - 1211 74,0 64.0 1 3 1.0', 5 3 .0 c

2211 - 12 1+ 13.0 ps

22+-- 1211 50.0 jis

a Okada, Wiedeman, maid Apkarin (1989).
b Fajardoet a]. (1988).

c Wadt and Hay (1985); Hay and Dniang (1978).

111,2("21) 2 Bcov'°( n 2).) + Bcov'f'V(i12nI), (2)

III1/2(22Z÷) ,, Aion°(221(X) + Bion,4A(2 2 -l2 ) B, (3)

and

V 1/ 2 (2 2 F1) --B ionVf)(2 2 1+) + Pionl'0 (2 2 -l(). (4)

With Q-3/2,

130(2H , (1211) -- •,(5)

and

113/2(22I) = T°(22HI) * C, (6)

8
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where T(la-; 1212 +) designates the correction to the 121+ state due to the SO interaction with the 12 f1",2

state. Within this fbur-state (in zcroth. order) model, the W°(1 2 -3/2) and 'P°(22f13,Z) components of the

fl states have no other spin states with which to couple, so the energies of the 13f2 and II3/2 have been SO

"corrected" by HD (and here) according to the ollowing simple formulae used by HD:

E(13/ 2) u E( 12n) - (7)

and

E(I1312 ) " E(2 2FI) - XXE., (8)

where XC1=294 cm t and )x,+=3,512 cm-t are the atomic SO coupling constants for the Cl and Xe+ atoms,

respectively. These values were taken from HD's Table II and assumed to be independent of internuclear

separation, The mixing coefficients A and B, as well as the energies for the i,=1/2 states, are obtained

by diagonalizing the 2x2 matrices as fbllows:

LF Xi.-(2 X (÷) f)xl

The X• is either X, (for the covalent states) or X+ (for the ionic states). The X is defined as the SO

splitting parameter,

[E(2P - E(2P 3/2)] (9)

3

Figure 3 shows the PECs for the six states represented hy Axjuations 1-6 with SO corrections to the

energies included as described previously.

The R, and w,, for a selection of SO-cotected states are given in Table 2. It can be seen that the SO

con-ectio. has had little effect on the R, and o, values for the 1111/2 and IV1 /2 states. Once again, ouw

results for R,. and ot) are seen to be very sirailar to ihose of liD when SO is included, with the current

values lying slightly closer to experiment than ill)'s. For the 1111r2 state, our R, and coe values are 3.17 A

9
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Table 2. Molecular Constants and Radiative Lifetimes for XeCI Including SO Effects

R,(A) (ie(cm-') l

State HERE HD. .•E • HERE HD Ex.M.

1111/2 3.17 3.22 2.94 195.0 188.0 195

IV1/2 3.12 3.18 - 198.0 189.0

Transition Moments (p. and Radiative Lifetimes (T)

HERE HD Experiment

Transition '(. PC _

1111/2-411/2 2.97 8.0 2.75 11.0 11.l,c 27.0'

113/2-_I13/2 0.98 95.0) 0.96 120.0 131.0,c 5 3 .0 d

I/2-+II1/2 0.49 168.0 0.50 180,0 ..

AE(CV)

Transition HERE HD Experiment

1111/2---11/2 4.39 4.20 4.03e

1113/2.-43/2 4.05 3.76 3.63c

M/-V1/ 2 -111 /2  5.32 5.13

a Okada, Wiedeman, and Apkarian (1989).

b Inouc, Ku, and Setser (1984).

e Fajardo et al. (1988).

d Liu and Yoshimine (1981).

e Wadt and Hay (1985); Hay and Dunning (1978).
f

le in units of [)ebyc.
g T in units of ns.

and 195 cm-1, respectively. The corresponding expcrimental values are 2.94 A and 195 c-'. HD's

values are 3.22 A and 188 cm-1 , respectively. This similarity between the results [rom our study and from

H-D's is expected due to the nearly identical results obtained between the two studies before including SO

effects.
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I T"lie electric dipole transition moments over SO states are as follows:

<1111/2'e11/2> = AcovAoN<4-( 2'1+)> + BCovBioN<"J°(22H) (12 I> (10)

<IV 1/2 1 1l111/2> = -AcovBIoN<'4(2 2y÷) jP[l I '0(12Y+)> + BcovAIoN<VO(221-) 1p, 140(1 211)>, (11)

and

<113/2 1Pe 113/2> - < °O(2 2 1 ) 4pI4"O(121-)>. (12)

The results for the radiative lifetimes (including SO) are also given in Table 2. The transition dipole

moments and AEs wre rtaken in this study near the minima for the excited states. These ame R=5.80 bohr

for the 113/2, R=5.90) bohr for the IV 1,2, and R=6.00 for the IIIr state. The lifetime, 'r, is calculated from

the definition of thc Einstein coefficient for spontaneous emission,

A = 1 1.063 (pi) 2 (AE) 3 x 10 sec-'. (13)

For the lll1,2-A r1p transition, the lifetimes are -t-(8 ns; II ns; II ns [lnoue, Ku, and Sctscr 1984], and 27 ns

[Grieneisscn, Xuc-Ting, and Komps 19811) with the order being (1) this study; (2) 1HD; and

(3) experiments, respectively. The lifetimes for the 113/.2--13,2 transition are (95 ns;120)ns;131 ns Ilnouc,

Ku, and Setser 19841, and 53 ns IGrieneissen, Xue-Ting, and Komps 19811), and for the IV1i2-4-II,2

'T=(168ns: 180ns; no experiment). For the I11I/2-1/2 lifetime, the current result and that of HD's are in

good agreement with the more recent experiments of' Inoue, Ku, Sctser (1984), The lifetime for the

Ii/2---13,2 transition from this study lies midway between the two experimental values and 21% smaller

than the theoretical value predicted by IlD. '[he agreement between the two theoretical studies is much

better for the IV 1/2-41112 transition (no experimental data available), where -)urT is only 7% smaller than

HD's.

Th," discrepancy between the current t(113/,--4- 1 2 ) value and that of lID is due in parl to a significantly

larger AF, predicted in the current study. Table 2 lists the three transition energies predicted by the two

theoretical studies, as well as the experimental values for the lllr--l, and 113 2-413/ transitions. This

study predicts AE(II 3/2--)l3/2)--4.05 eV, while liD predicts 3.76 cV, which is closer to the xperinmental

value of 3.63 cV. As a general statement, the level of CI theory used in the current study should be able

12
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to generate more accurate wave functions than the correlation techniques used by HD. Apparently, the

higher-lying state in this study did not recceiv. the same level of correlation corrections as the lower state,

even though each wave function could very well be a better description of that respective electronic state

than what was produced in the CI calculations of HD.

Since experimental AEs are usually fairly accurately known, one commonly used technique to predict

a lifetime from theory is to combine the theoretical value for the transition dipole moment with the

experimental AE, thus eliminating the uncertainty in t due to the transition energy. If we recalculate the

lifetimes for this study and HD's study using this technique, we get -r133 ns from this study and

c'=138 ns from HD, using the electric dipole transition moments from Table 2. These are both very close

to the experimental value of 131 ns predicted by Inoue et al., with the current study now being in better

agreement with experiment than HD's value. The V's for the II11/2--4I1/,2, recalculated in this fashion, are

Ar(this study)=10.4 ns and-r(HD)=12.1 ns, to be compared with t(cxp.)= 11.1 ns. This again puts our value

of xc in better agreement with experiment than HD's value, although the agreement with experiment is

quite satisfactory in both cases.

These calculations have shown that using effective core potentials, along with modest-sized

single-and-double excitation CI wave functions, one can predict electronic transition probabilities in good

agreement with the experimental values. Thlis lends credence to the prediction of such values lbr

electronic transitions in which experimentation has been unable to determine the lifetimes in these doped

Rg systems.

4. HCI-Xc INTERACIIONS

HICI Xc is treated a; a linear system with the Xe opposite the hydrogen atom. The atoms are

coincidental with the z-axis of the global coordinate system. Calculations were performed at CILXe
.-. ,f RI-1 V~~A~(A~A( 4'1Ql1I17l41A1f~~~if\ I..LL LIA±

,r•.,i •. . ,•%I A, AU "_ A ýLU V? 1 . 2'.") l e. 11 U,1u1%

the Ht-CI bond length at R.=2.409 bohr (Huber arnd lteriberg 1979). Henceforth, R(HC1-Xc) will simply

be referred to as R. All units are atomic unless other ,ise stated. The calculations again use effective core

potentials on Xe and Cl for all but the outer shell electrons. MOs are obtained at each rx)int along the

PEC from SA-CASSCF calculations averaging six electronic states (i.e., the two lowest energy roots from

the Al, Bp, and B2 IRREPs). The ground state R(Y÷) transforms as the Al IRREP anid tie two H-

components, (l] x.ly) -s the (B1 ,132) IREPs, respectively. A Frozen core which included the two lowest
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energy MOs of A, symmetry was mnaintainred. The numbers of active MOs per IRREP were then

(A1=4,B132,B32 =2,A 2 zO), with dhe active electrons per IRREP being (A1 =4,B1I=4,B2 =4,A2=O).

The use of ECPs is analogous to having a frozen core of' MOs, so it must bec kept in mind that the

symmetry designations lal, 1h1, etc., for tie MOs label the lowest energy, noncore MOs frmi the a,,

bi,....IRRI3Ps. With no further freezing of orbitals, these st~ate-avcraged MOs ame uscd as expansion vectons,

in niultirclerence, single -and -double excitation CI calculations at each point along the PECs. In the Cis,

e ~due to the axial symmetry o1'the systcem, only the F1x(B I) component of the [I states is calculated. Three

states were calculated from the A1 IRREP arnd four states from the BV11.Three reference CS~s of A,

symmetry were used and four of'B 1 symmetry. The reference CSFs are listed in Table 3, along withi the

total number of CS~s retained per IRREP. Since only singlet states are treated in this study, the spin

multiplicity label will be dropped from the state labels.

The typical means for describing the gencral characteristics of' electronic states generated in Cl

calculations is to refer ito the nature of the singly occupied MOs in the main CS~s for each stale. This

is especially useful in determining whether an electronic, state is Rydberg, valence, or some mixture of'

these characters. But using state-averaged CASSCF MOs means that these orbitals, at least the ones

included in the active space, are usually guaranteed to be some Rydberg-valence roixture if the states being

averaged are of both characters, as it appeans ito be in this study. flie fact that the state-averaged MOs

are designiod to simultaneously describe sever-al slates reduces somewhat their interpretive capabilities.

TIhus, apart from thie following general comment% regarding the MOs, the electronic states will be

discussed primarily in termis of their calculated properties.

[he At states are described in their main CS~s by exciting a single electron from the (7(4a,) into

either the 5a, or Oa, 1 & virtual MOs. The B, states are described by an excitation Ironi either the rt(l ht)

bonding or 7t(2b,) antibonding MOs into either the .5a, or Oat o.i MOs. Tlherefore, both the Y(A i) arid

II JBI) use the same (T (5a1 , 6al) virtual MOs, which are mixed Hydberg-valence in character f-or all

values of' R. At R=26.0, the 5a., becomes essentially :a C! Rydtvrg-,ý orb-ital, and thle 6a1 a liCi

a-antibiomding orbital, In addition, the nT(4a,) MO, which is dIoub~ly occupied in the groutnd state, is almost

entirely described by Xe atomic p,, orbitarls for most R values. At the very short distance:; where

R=(4.0,5.0), there, is moderate contribution from the (21 s- and p-type AOs, but the Xe AOs are stilt

dominant even at these close dlistances. So both the 2A, and 3A, electronic states arise primarily from

ain electronic excitation out of atomfic Xe. All the R, 's reported here are itetemi inedl frmi a simple three-

j-mint fit to a parabola.
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rable 3. Reference CSFs and Total Number of CSFs Used in Defining the CI Wave Functions for
IICIXc

Orbital Occupancies in Reference CSFs

IRREPS la 1  2al 3a1  4a1  5a, 6a1  lb1  2b 1  3bh 1b2 2b 2  3b2

A1 Sates 2 2 2 2 0 0 2 2 0 2 2 0

2 2 2 1 1 0 2 2 0 2 2 0

2 2 2 2 0 1 2 2 0 2 2 0

Total CSFs - 80,372

HI States 2 2 2 2 1 0 2 1 0 2 2 0

2 2 2 2 1 0 1 2 0 2 2 0

2 2 2 2 {} 1 2 1 {) 2 2 0

2 2 2 2 0 1 1 2 0 2 2

Total CSFs - 115,344

4.1 The B1 States. The tour reference CSFs (see Table 3) for the 1,2,3113 states represent n--+Y*

excitations. As discussed previously, the open shell MOs in the main CSFs are a Rydberg-valencc mixture

and are more correctly relherred to as diffuse orbitals rather than pure valence or Rydberg. In addition,

the 0a1 MO is comprised primarily of AOs on HCI for R=(4.0,5.0,6.0), with increasing Xe character going

from 5.0 to 8.0, at which point the 6al MO is essentially an even mix of HICI and Xe AOs. The lbI and

2b, MOs are 7c Wilding and antibonding in c.!-aracter, respectively. For 7.0 • R & 12.0, all fbur MOs

have significant contrihutions from AOs on both Cl and Xe, making ihe three III states truly states of the

complex and not isolated to either HICI or Xe within this range. Figure 4 contains ihe PE'Cs for the

electronic states efl i symmetry. It appears that tie electronic states undergo significant changes in their

character around lRk .6I,) bohr and again around 20,0) bohr. Figure 5 shows tie absolute value of the

electric dipole transition moments, p,., for the 1,2,3B13<-X transitions as a function of R(t{CI-Xe). These

"too suggest major changes taking place in the description of the electronic states around 16.0 and

20.0 lohr.

4. 1.1 The I 1 State. ThoI R for this state is predicted to lie at 8.98 bohr, which is 0.62 bohr longer

than the ground state miinimum. Figure 5 shows the transition moment for I I1--11I A1 changing rapidly

going frmm R---4.0 to R-0.0 )bohr. The transition roonment starts out at (.21 for R=4.0, then apparently
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goes through zero (with a sign reversal) near R=6.0, and again rises to 0.18 at R=8.0. No attempt was

made to verify the changes in sign for transition moments, since it would serve no purpose in this study.

Examination of the Cl coefficients for the main CSFs it. the IB1 and 2B, states shows them exchanging

character going from R=5.0 to 6.0, which probably accounts for the rapid change in the transition moment.

From R=8.0, the moment slowly rises to a value of 0.27 at R=26.0, with a slight deviation from its

monotonic increase occurring around R=18.0. At R=26.0, the transition moment appears to be

approaching the values reported for the A(I-I)--X transition in HCI, i.e. Pe (HC1)=(0.37 [Adams and

Chabalowski, to be published], 0.35-0.39 [Van Dishoeck, Van Hemert, and Dalgamo 1982]). Table 4

reports the transition dipole moments at selected points along the PECs, and Table 5 contains the

permanent dipole moments for an expanded set of points on the PECs. It is interesting to look at the

permanent dipole moment of the 1B1 along the PEC. From Table 5 we see it holds rather constant at

values ranging from approximately 2 to 3 Debye for R > 6.0. These values are in close agreemewt with

the calculated value of +2.9 D (Adams and Chabalowski, to be published) for HCI in its A(1 F) state.

A look at the vertical transition energies, T, for selected R-values given in Table 6 show T decreasing

from 8.32 eV at R=6.0 to 8.04 eV at R=26,0, again in reasonable agreement with the T,=('/.90 [Adams

and Chabalowski, to be published], 7.84 [Bettcndorff, Pcyerimhoff, and Buenker 1982]) eV reported for

the A('-)<--X transition in HCl.

Based on the transition energies and the permanent and transition dipole moments in the region

R=8.0-20.0, the IB1 state might best be described as the A(VI-) state in HC1 moderately perturbed by

the xenon. For R < 8.0, the xenon atom begins to have a significant affect on the properties, which is

reasonable since the sum of van der Waal's radii for C1(l.8 A) and Xe(2.2 A) is 7.6 bohr (4.0 A). The

transition momcnt shown in Figure 5 appears to be most strongly affected by the close proximity of the

two species. The calculated properties for this state leads one to conclude that its character is that of the

valence A( 1I-I) excited state of HC1 perturbed by the Xe. Only at R=.26.0 does this state truly become

localized to HICI, and so only at R=26.0 can the 1BI÷3- X transition be unambiguously assigned to the

Af(I)4-X transition in HCL.

4.1.2 The 2B 1 State. At R=-26.0, the 2B1 is described as a Cl(px)--4,*(HC1) excitation, with the AOs

on Xe making a very little conw bution to the singly occupied MOs in the main CSFs. The transition

energy given in Table 6 for R=26.0 bohr is T--9.93 cV, which lies reasonably close to T1=(9.65 [Adams

and Chabalowski 19931, 9.67 [Bettendorff, Peyerimhoff, and Buenker 19821) for the ( [l) -x Rydberg

transition in HCI. The values reported in Table 4 for the transition dipole moment in HCI are p,=(0.57)
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Table 4. Absolute Values of the Electric Dipole Transition Moments, pc, Between the Ground XR(A1 )
and Excited States at Selected R(HCI...Xe) Distances

Pea

Stateb R=6.0c R=8.0 R=12.0 R=18.0 R.26.0 HCI

21A 1  0.69 0.68 0.75 0.18 0.01

31A1  1.01 0.34 0.12 0.05 0.00

llBI 0.04 0.18 0.20 0.25 0.27 0 .3 7 ,d 0.35-0.39c

2A1 l 0.74 0.77 0.55 0.39 0.43 0 .5 7 ,d 0.48c

31B1  0.42 0.29 0.19 0.08 0.01)

a Transition dipole moments arc in atomic unit!.

b Transitions to the B1 states represent only the 1fl component.

c R is the disutnce, in bohrs, between CI and Xe.
d Adams and Chabalowski (to be published), for R(H1-C)=2.40 bohr.

e van Dishocck et al. for R(H-Cl)=2.41 hohr.

Table 5. Permanent Electric Dipotkl Moments at Selected R Values for the Six Electronic States
in This Study

Pemianent Electric Dipole Moments (Debye)

R ( b oh r) ]A , 2 A , !A I 1 I 1 21B ,

4.0 -0.62 +155 +0.07 +1.09 +6.79 +0.10

5.0 -1.40 -0.92 +11.61 +1.65 +1.00 -6.46

6.0 -1.53 -0.63 +15.88 +3.09 -0.54 -12.34

6.4 -1.53 +0.04 +17.36 +2.99 +0.08 -1)- 17

7.0 -1.52 +1.11 +19.10 +2.83 +1.14 -14.17

8.0 A1.50 +3.15 +21.92 +2.15 +3.19 -14.86

10.0 -1.49 +7.25 +27.60 +2.35 +7.31 -15.72

12.0 -1.50 +11.07 +33.20 +2.35 +11.13 -16.88

14.0 - 1.50 +15.53 +38.42 +2.39 +15.57 -17.57

16.0 -1.51 +21.82 +43.18 +2.37 +21.85 -16.73

18.0 .152 +37.09 +47.51 +2.22 -7.38 +37.20

20.0 -1.51 +39.89 +51.76 +2.29 -10.53 +39.96

26.0 -1.54 +64,49 +67.38 +2.65 -2.85 +64.52

NOYrE: A positive dipole moment is defined ws having the positive end of the vector pointing toward the Xe atom.
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Tabic 6. Vertical Transition Energies, T, Between the Ground R ('A,) and Excited States at Se3lected
R(HCI ... Xc) Distances

T (eV)

State R=6.Oa R=8.0' R= 18.0 R=26.0 HCl

2'A 1  8.60 8.90 10.81 11.47

3'A 1  10.81 11.82 1:3.86 14.48

11131  8.32 8.23 8.07 8.0.4 7.90,c 7 .84 d

21131 8.75 8.89 9.96 9.93 9.6.5,c 9 .6 7 d

L 3'131  10.39 10.70 10.84 14.531

R is the distance, in bohrs, tx twcen Cl anid Xe.
bCl-Xe distance corresponding tu lowest energy calculatod for the R(1A1 ) ground state.

cAdams and Chabalowski (to be published), for R(I-Cl-)=2.43 bohr.
d IBeucndorff, Peyerimhoff. and JBuenker (1982), for R(H--Cl)=2.4tt bohr.

[Adams and Chabalowski, to be published), 0.48 [Van Dishoech, Van Hcmcrt, and Dalgarmo 1982]), to

be compared with the current value of pjRz.26,0)=0.43 astomic units. Previous ah initio CI calculations

(Adams and Chabalowski, to be, published) on HCT predict tie permanent dipole moment for the Cý(n)

state to be -0.74 D, to be compared with the current value of -2.8 at R=26.0. Even though the value for

HCIXc is almost three times that of HCI, they arc both relatively small dipole moments and both negative.

'T'he 2131 state has the only negative permanent dipole of the three BI, states at R=-26.0. The HCI and Xe

seem to have a rather long-range interaction as can be seen in the changing permanent dipole in Table 7,

as well as the transition dipole moments in Figure 5, even As R increases beyond 20 bohr (-10.6 A) , SO

at R=26.0, the 2B, electrnic state does appear to be Rydterg in its extensiveness. This, coupled with

the calculated properties, suggests that, at R=26.0. the 2B13 correlates with the ic('ri)4-j Rydberg

transition in HCI slightly perturbed by the Xe atom.

It is now interesting to examine the rather large -'hanges in properties as the Xe approaches the HCL.

In Figure 5, the transit ion moment shows irregular behavior in moving frxom R=20 to 10 bohr, particularly

in the region R=16--20. From the PECs in Figure 4, it appears that the 2B, cncounters avoided crossings

with other B, states in this region, explaining the peculiar behavior of the transition moments in this

region. Beginning with p,.-0. 3 l atomic units at R=16, the transition moment increases as R decreases,

reaching a maximum of pi,=0.78 aiomic units at R=7.0, and finally dccreasing to 0.22 at R=4.0. The
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vertical transition energy, T=8.89 eV, at R=8.0 (see Table 6) show this transition to be separated fiom the

1B-+-1A 1 transition by only 0.66 eV. This is considerably less than the separation between the ?¾--,

and A<-R transitions in HCI, i.e., ATejl.75 cV, to which these two transitions appear to correlate at

dissociation. One interpretation of this would be that the xenon atom preferentially stabilizes the ý state

over the A state in HCI. It is also worth noting the depth of the lower minimum in the double-well

potential shown for this state at R,=7.04 in Figure 4. If we define the barrier to dissociation to be

AE*=TR--TR. 20 .0 , then AE*=1.65 cV (37.9 kcal/mol), which is a fairly sizable barrier to dissociation. The

permanent dipole moment is calculated to be +3.2 D at R=8.0, similar to the lB 1 state and much too small

to be considered as an electron transfer state. In summary, for the region R=6.0-20.0 the main CSFs for

2B1 show it to be a state composed of electron density from both Cl and Xe, hence having no counterpart

in the isolated Xc or HC0. But at the largest R value treated here, R=26.0 bohr, the 2B 1 state becomes

a 7c-4* transition located primarily on the 1-CI and roughly correlates with the - Rydberg transition

in HCI slightly perturbed by the xenon.

4.1.3 The 3B1 State. At R=26.0 bohr, this state is predicted to lie 14.53 eV above the ground state.

The earlier theoretical studies on tICI (Bettendorft, Pcycrimhoff, and Buenker 1982; Van Dishoeck,

Van Hemert, and Dalgamo 1982; Adams and Chabalowski, to be published) did not report excited

electronic states at such high transition energies, but even if such high lying states had been reported, the

3B, could not be associated with any HCI state due to its description in its main CSF. This CSF, with

CI coefficient c2=0,88, represents an electronic promotion from MO lb1 into 5al, where lb1 is essentially

the Xc(px) AO and 5a, is essentially the CI(s-Rydberg) AO. TIis state then represents an ionic or

electronic transfer state of H7 symmetry, One can substantiate this claim by examining the permanent

dipole moments given in Table 5. Its value at R=26.0 is +64.5 D, which obviously makes this a very

polar state. But if we look at the transition dipole moment (Table 4) at R=26.0, we see that there is

essentially zero probability for this electron transfer to occur. The excitation probability does increase as

R decreases, such that at R=16.0 the transitioii moment is calculated to be 0.18 atomic units, and the

transition energy has dropped to -11 cV, while 1hec -rcnt dipole moment still remains -very large but

of opposite sign at -16.73 D. This change in sign o1 the permanent dipole moment in going from R=18.0

to 16.0 indicates a radical change in the character of the 313 state, suppo)rting the earlier statement that

the PECs for the B1 states show avoided crossings with one another in this region.

For distances around R=--,0, the state is still seen to be charge transfer in nature with a dipole moment

of -14.9 D. Ii is interesting that the positive end of the dipole vector now points towards the hydrogen
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atom and not the xenon. This would suggest electron transfer from the chlorine (or HC1) toward the

xenon. A look at the main CSFs for the 3B 1 over the entire PEC shows that this state, like the 2B1 , is

truly a state that exists due to the complex. The large and relatively steady decrease in the absolute

magnitude of the transition moment from R=6.0 to R=14.0 supports the claim that the 3B 1 state does not

correlate closely with any state in the isolated species over any part of the PEC.

4.2 The tA.1 States. All the 1A 1 states calculated here are predicted to be bound, although the ground

state 1A1 is predicted to have a barrier to dissociation of only -0.035 eV calculated from RJ=8.36 bohr.

The %emi-empirical calculations of LaUt and George (1988) predict an Rc(IC1---Xe) of 7.22 bohr with an

H-Cl bond length of 2.41 bohr in the linear HCIXe ground state complex. The potential well, however,

is predicted to very shallow and broad as previously noted by Last and George (1988) and supported by

this work as shown in Figure 6. Based on the level of theory used here, it is not possible to conclude

whether or not the ground state is indeed bound. No efforts were made to conrect for the basis set

superposition error due to the qualitative nature of this study. The calculated D 's for all the states are

listed in Table 7. Both the 2 and 31A 1 states are described primarily by electronic promotions from the

4a, MO of o symmetry comprised almost entirely of atomic p, density on the Xe atom into the 5a 1 and

6at o° MOs. These are the same o* MOs involved in the n--•** excitations describing the main CSFs

in the 1B1 states.

4.2.1 The 2A 1 State. The dominant CSF in the 2A 1 wave function form R=6.0 to 16.0 bohr is a

4al---5al single excitation. The square of the CI coefficient for this CSF is constant at c2=0.86 over this

region. This represents an clectron promoted from an MO comprised essentially of the Xe(p,) atomic

orbitals into the 5a 1 o* MO. Table 5 shows that the permanent electric dipole moment of the 2A, state

is nearly identical with the 2B, state for RŽ6.4-16.0, and Figure 7 shows the two t ECs to be essentially

degenerate over the region R=8.0 to 16.0 bohr. The similarities between these two states can bc

rationalized in terms of the sum of the van der Waals radii for Cl + Xe which is predicted to be 7.6 bohr

for the clectronic ground state of HC!Xe. AFi approaches Xc along thx axis, the. electron "louds fo"

the two atoms should begin penetrating one another around 7.6 bohr. To a rough approximation, outside

this distance the 4a1 MO can be thought of as a perturbed Xc(p,) atomic orbital. In the 2B 1 state, the

electronic excitation arises primarily from tlhc lb 1 (nx) MO which is described predominately by the

Xe(px) atomic orbital for R)8.O. Thus, if the spherical symmetry of the xenon atom is only moderately

perturbed by HCI, an excitation out of the 4a1 MO (i.e., Xcpzl AO) should be nearly indistinguishable
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(See section 4.2.1 for a discussion of these PECs.1
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able 7. Calculated De's for HCIXe8

State D,(eV)

1PA 1  0.035

21AI 2.7

31A1  3.6

21B 1  1.1

3'B 1  0.93

DrE(4=8.O) - E(R=26.0), with R being the CI-Xe separation in bohrs.
b Has a barrier to dissociation of 0.02 eV at R=16.0 bohr, but predicted to be unbound by

definition of D, given in footnote a.

from an excitation out of the lbl(7tx) MO (i.e., Xc[px] AO) as is the case for the 2B1 state, (The reader

is reminded that both the A1 and B, states are characterized by excitations into the same two T* MOs.)

Hence, the PECs for ihc 2A, and 2B1 begin to spii. apart (see Figure 7) for distances less than the sum

of van der Waal's radii which is near -8 bohr.

Bctwcen R=5.5 and 7.0 bohr, the 2A 1 acts as if it is being preferentially stabilized over the 2B 1 state

by the approach of the Cl and Xe atoms. The permanent dipole moment in the region R=H.(Y-16.0 (+3.2

and 421.8 D at R=8.0 and 16.0, respectively) is too small for this to be considered a charge transfer state,

however, one might interpret it as a Rydberg state polarized by the electro-negativity of the Cl atom. The

transition moment remains large and rather constant, with values of p,• =0.69 atomic units at R--6.0 bohr

to 0.57 at R=16.0. The fact that the transition moment remains both constant and large over such a

distance also suppx)rts the interpretation of this as a Rydberg state. For values of R2_10.0 bohr, the tal(o*)

has a significantly larger contribution from the Xe s-type AOs than any AOs on HCI. For these larger

separations, the state resembles an Xe pz-oa(s) Rydberg state of the xenon atom strongly perturbed by

the -1CI.

In the region R=18.0 -20.0, there are apparently avoided crossings occurring amongst the A, excited

states, having a significant effl;ct on the energies (see Figure C'), pennanent dipole moments, and transition

dipole moments (see Figure 8). Finally, at R=26.0 bohr, toe wave function is described by a CSF

representing an electron promoted From the Xc(p,) AOs into the Rydberg n(s) MO comprised almost
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entirely of Cl s-type AOs. The permanent dipole moment is +64 D, which is roughly the value of unit

positive and negative charges separated by 26 bohr. This now appears to be a charge transfer state,

however, the probability for reaching this state from the ground state is practically zero due to a vanishing

transition dipole moment.

4.2.2 The 3A1 State. The 3tAI resembles a true charge transfer state. This is substantiated by the

value of the permanent dipole moment. At R=8.0, the dipole is predicted to be +21.9 D, while two unit

point charges of opposite sign separated by 8.0 bohr would have a dipole moment of 420.3 D. The R.

is predicted to be 5.35 bohr, in good agreement with the bond length for the "4i" ionic state calculated

to be R,=5.52 bohr by Last and George (1988). It should be noted that their HCQ bond length was
allowed to vary in their optimization and was predicted to be 2.99 bohr, which is 0.58 bohr longer than

the fixed bond length of R(HCI)=2.41 used here. The vertical transition energy at R=5.0 is T=9.62 eV,

while T1=10.86 eV calcul:ated with R,=5.35 for the 3A,. This can be compared to Last and George's

value ofTe=8.43 C. r', ken between the analogous minimum energy structures. Again it should be pointed

out that our riF ;ted T, for the 3A, state is undoubtedly too high due to having fixed the H--Cl bond

length at 2.41 bohr. At R=5.0, this state is primarily described by a CSF defined as a single excitation

4a--46al, a* state. This represents an electronic excitation from the Xe p, atomic AOs into an MO

localized mostly on the HCI and having I1-Cl o-antibonding character. This would suggest a longer bond

length For the H--C1 in this state, consistent with the results of Last and George (1988).

As R increases, the 3A 1 state soon becomes the highest lying vcitical transition calculated in this

study, with Thl 1.82 eV at R=8.0. The transition energy steadily increases (except at R=20.0, see Table 6)

to 14.48 eV at R=26.(0 bohr. The 3A1 -- R transition is calculated to be v,-ry intense for R<7.0. The

transition dipole moment drops rapidly from a value of pi,= 2 .17 atomic units at R=4.0 to p, =0.0 at R=10.0

(see Figure 8). Along with the changing p,, the character of the 6a, MO changes from one arising fnni

density on HCI to one with contributions from all three atoms as R goes 1mkm 6 to 16 bohr. In the region

of avoided crossings around R=18-20.0, the transition moment is seen to be small and finally drops to

essentially zero at R=-26.0.

This type of state, at least in the region R=6.0-8.0 bohr, could serve as a model for studying the

charge transfer excitation in solid xenon matrices doped with HCI as reported by Apkarian and coworkers

(Fajardo and Apkarian 1986; 1987; 1988a; 1988b; Schwentner, Fajardo, and Apkarian 1989; Wiedeman,

Fajardo, and Apkarian 1987). As mentioned in the introduction, the CI-Xe distance has been estimated
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to be -6.4 bohr in the gas phase 42F state of the charge transfer exciplcx Xe2Cl. These calculations

predict a large probability of charge transfer in the 3A1 for R=6.0-8.0 bohr based upon the calculated

transition dipole and permanent dipole moments. This might then be followed by dissociation of HC1 due

to the f-Cl a -antibonding character of the 6a1 MO which places a major role in describing the 3A, state.

5. CONCLUSIONS

It has been shown that much insight into the XeCl interactions can be achieved through the

combination of effecti' e core potentials and wave functions obtained from state average MCSCF and CI

calculations. The results on XeCI compare favorably with earlier ab initio work by Hay and Dunning

(1978), but it is clear that the spin-orbit corrections now available to us will be indispensable for attaining

quantitative accuracy in predicting transition energies and transition strengths.

"Ihe results of the HCI-Xe calculations have produced much insight into the fundamental nature of the

excited states in this system. The I and 21B1 states are predicted to look like molecular HCI states

perturbed by the Xe atom at values of R(HCI-Xe) less than 10 bohr. At dissociation, these states closely

resemble the X(1l) and i(Qn) states of HCI plus a ground state Xe atom. In contrast, the 3181 state

shows characteristics associated with the HClXe molecule as a whole, represented by an electron

prrntion of x(XeCl)--o(HC1Xe).

The 21A 1 state also shows characteristics associated with the entire HCIXe molecule. But the 3tAt

state is by far the most interesting and clearly represents a chargc transfer state with a transfer of an

electron from the Xe atom to an antibonding o(HCI) MO, just as predicted from the experiments of

Apkarian and coworkers in the halogen-doped xenon (and other Rg) matrices.
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